He mantle domain.
Introduction
[2] Rare, high 3 He/ 4 He (>30 Ra, or ratio to atmosphere) ratios measured in lavas erupted at some hot spots, including Hawaii, Iceland, Galapagos and Samoa, are thought to be tracers of buoyantly upwelling mantle plumes that sample an ancient reservoir residing in the mantle [e.g., Kurz et al., 1982; Hart et al., 1992; Class and Goldstein, 2005] . The early Earth hosted high 3 He/ 4 He ratios at least as high as the present-day sun (>100 Ra), and the survival of this primeval isotopic signature in the mantle has important implications for mantle convection and evolution [Jackson et al., 2007b] . High 3 He/ 4 He ratios in ocean island basalts (OIBs) have been used as evidence that a primitive, undegassed reservoir resides in the Earth's mantle [Kurz et al., 1982; Allègre et al., 1983; Farley et al., 1992] . Variously called FOZO (Focus Zone) [Hart et al., 1992] , PHEM (Primitive Helium Mantle) [Farley et al., 1992] or C (Common) [Hanan and Graham, 1996] , the mantle reservoir hosting high 3 He/ 4 He is poorly understood. Its precise location (shallow or deep mantle [e.g., Anderson, 1998 ]) and composition are not well known.
[3] Nonetheless, there is a growing consensus that this reservoir hosts a significant component of mantle peridotite, a lithology that may preserve high 3 He/ 238 U, and by inference high 3 He/ 4 He, over time [e.g., Hart et al., 1992; Anderson, 1998; Parman et al., 2005; Heber et al., 2007] . Recent work also suggests that the high 3 He/ 4 He mantle sampled by OIBs may also host a component of recycled eclogite [Dixon et al., 2002; Brandon et al., 2007] . Albarede and Kaneoka [2007] even suggest that the high 3 He/ 4 He mantle domain sampled by OIBs is composed of a U and Th-depleted, high 3 He/ 4 He pyroxenite. An eclogitic or pyroxenitic component in the high 3 He/ 4 He reservoir would be evidence that it is not purely primitive. Therefore, understanding the composition of the high 3 He/ 4 He mantle reservoir is important in formulating models for its origin and long-term survival in the convecting mantle.
[4] Here we identify a remarkable enrichment in the elements Ti, Ta and Nb (TITAN) in high 3 He/ 4 He lavas from Hawaii, Iceland, Samoa and Galapagos, and show that high 3 He/ 4 He lavas exhibit moderately radiogenic 187 Os/ 188 Os ratios (>0.135) that are greater than DMM (depleted MORB mantle, 0.120 -0.125 [Standish et al., 2002] ) and primitive mantle (0.129 [Meisel et al., 2001] ). This unusual combination of geochemical signatures provides an important constraint on the composition and origin of the high 3 He/ 4
He reservoir sampled by OIBs. The TITAN enrichment and radiogenic 187 Os/ 188 Os is consistent with the high 3 He/ 4 He mantle domain hosting a component of recycled, refractory eclogite. However, the TITAN enrichment could also be a product of trace element partitioning between lower mantle phases, such as Ca-perovskite.
New Data and Observations
[5] We report new trace element data by ICP-MS (inductively coupled plasma mass spectrometer) on the highest 3 He/ 4 He lavas from Hawaii (32.3 Ra [Kurz et al., 1982] ), Iceland (37.7 Ra [Hilton et al., 1999] ) and Samoa (33.8 Ra [Jackson et al., 2007b] ) (see Table 1 ). We also present new 3 He/ 4 He,
187
Os/
188
Os and major and trace element data on Samoan and Icelandic lavas with intermediate 3 He/ 4 He ratios (8-30 Ra) (see Table 2 ). In Figure 1 , these new data are presented together with previously published ICP-MS trace element data for the highest 3 He/ 4 He Galapagos lava (30.3 Ra [Kurz and Geist, 1999; Saal et al., 2007] ). These high 3 He/ 4 He lavas exhibit Ti, Ta, and Nb excesses, or positive anomalies, relative to elements of similar compatibility in peridotite (on a primitive mantle normalized basis). While the association of positive TITAN anomalies and high 3 He/ 4 He (or plume) signatures was previously observed regionally in Hawaii [Hauri, 1996; Dixon et al., 2002] , Iceland [Fitton et al., 1997] and the Galapagos [Kurz and Geist, 1999; Saal et al., 2007] , we suggest that the large, positive TITAN anomalies are a global phenomenon in high 3 He/ 4 He OIBs. The primitive-mantle normalized trace element patterns (spidergrams) of the highest 3 He/ 4 He lavas from Hawaii, Iceland, Galapagos and Samoa all share prominent, anomalous enrichment in the TITAN elements compared to elements of similar compatibility in peridotite (Figure 1 ). The Nb/U ratios in the high 3 He/ 4 He OIB lavas are all higher than the ''average'' Nb/U value of 47 previously proposed for OIBs and mid-ocean ridge basalts (MORBs) [Hofmann et al., 1986] . exhibit spidergrams [Hart and Gaetani, 2006 ] that lack such pronounced TITAN anomalies (Figure 1 ). While HIMU basalts can have positive Nb and Ta anomalies [Weaver et al., 1987; Weaver, 1991; Chauvel et al., 1992] , they generally have lower anomalies than high 3 He/ 4 He lavas, and can even have negative Nb anomalies [Sun and McDonough, 1989] . Importantly, HIMU lavas exhibit flat or negative Ti-anomalies [McDonough, 1991] , and thus lack the positive Ti-anomalies observed in high 3 He/ 4 He lavas.
[ Os are absent in the available data set. Jackson et al. [2007b] ); the trace element data on the Galapagos sample are reported elsewhere [Saal et al., 2007] . The isotope data for all four lavas are also reported elsewhere [Hilton et al., 1999; Jackson et al., 2007b; Saal et al., 2007; Kurz et al., 1983; Staudigel et al., 1984] . Major element data for the Samoan lava are reported here for the first time; major element data for the Hawaii, Iceland, and Galapagos samples are available elsewhere [Hilton et al., 1999; Saal et al., 2007; Frey and Clague, 1983] . Samoan major element (and Ni, Cr, V, Ga, Cu, Zn and Sc) data reported here were measured by XRF. Major and trace element data reported here were analyzed on unleached whole rock powders at the Geoanalytical Laboratory at Washington State University. Internal and (estimated) external precision for the major and trace element analyses are given by Jackson et al. [2007a] : errors for major elements are 0.11 -0.33% (1s) of the amount present (SiO 2 , Al 2 O 3 , TiO 2 , P 2 O 5 ) and 0.38 -0.71% (for all other major elements); for the elements measured by ICP-MS, the reproducibility is 0.77 -3.2% (1s) for all elements except for U (9.5%) and Th (9.3%). The Loihi sample was powdered in Tungstencarbide, and Ta is therefore not reported for this sample. The Nb concentrations for this sample are similar to measurements previously made on Loihi basalts, as are the Nb/La ratios. We consider the Nb data to be of good quality. Major elements are renormalized to 100% totals on a volatile-free basis. He/ 4 He lavas reflect their mantle sources, and do not appear to be a result of shallow (<200 km) mantle melting or crystal fractionation processes. While Kelemen et al. [1993] suggested that melts in the garnet stability field can produce positive Ti-anomalies, we do not find that indicators of melting in the garnet stability field (such as steeply sloping primitive mantle-normalized rare earth patterns) correlate with Ti/Ti* in the lavas compiled in Figure 2 . Even if melting in the garnet stability field were responsible for the Ti-anomalies in some high 3 [Green and Pearson, 1986; Ryerson and Watson, 1987; Ayers, 1998; Stalder et al., 1998; Foley et al., 2000; Schmidt et al., 2004; Kessel et al., 2005] , thereby generating positive TITAN anomalies in refractory, rutile-bearing slab residues. Os isotope ratios were measured by negative thermal ionization mass spectrometry as single multiplier analyses at WHOI. Total blanks were less than 0.7 pg. Major and trace element data were obtained on samples powdered in a SPEX corundum shaker mill. Major elements were measured by XRF on fused glass disks at the Geological Survey of Denmark and Greenland. Errors are between 0.25 and 4% (2 S.D.) for major elements. Trace element measurements on the Icelandic rocks were made by ICPMS at the University of Durham, U.K. On the basis of replicate analyses of samples and an in-house standard, the analytical precision (1 S.D.) is <5% for all reported trace elements, except Nb (10%).
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e Samoa data: New major and trace element analyses on the Samoan lavas were made on unleached whole-rock powders at the Washington State University Geoanalytical Laboratory using the same method as reported in Os ratios [Walker et al., 1989; Reisberg et al., 1991 Reisberg et al., , 1993 Hauri and Hart, 1993; Snow and Reisberg, 1995; Becker, 2000] . Oceanic crust enters subduction zones with initially high Re/Os, and owing to moderate compatibility of Re in garnet, oceanic crust may retain high Re/Os (and with time, Os) ratios during subduction zone processing in the garnet stability field [Righter and Hauri, 1998 ]. While it has been suggested that Os and Re are extracted from the slab in the subduction zone [e.g., Brandon et al., 1996; McInnes et al., 1999; Becker et al., 2000] Os average of 472 [Hart et al., 1999] ) are similar to the ratios found in metabasalts metamorphosed in paleosubduction zones (median 187 Re/ 188 Os = 326, including eclogites, blueschists and mafic granulites [Becker, 2000] He lavas is consistent with a refractory eclogite component in their mantle sources.
TITAN Enrichment With Concomitant Depletion in the 4
HeProducing Elements, U and Th He mantle end-members. (bottom) Spidergrams for DMM [Workman and Hart, 2005] and continental crust [Rudnick and Gao, 2003] indicate that these two shallow earth reservoirs are not entirely geochemically complementary: TITAN depletion in the continents is not balanced by corresponding enrichment in DMM. However, the TITAN-enrichment in high 3 He/ 4 He lavas suggests that these lavas sample a (deeper) mantle reservoir that hosts part of the TITAN that is missing in the shallow geochemical reservoirs, DMM, and continental crust. Sources of the He lavas can be found in the text and in Table 1 . beneath hot spots [Sobolev et al., 2007] , the close association of a refractory, TITAN-enriched mafic component with the high 3 He/ 4 He mantle may appear contradictory since eclogites are quantitatively degassed in subduction zones [Staudacher and Allègre, 1988; Moreira and Kurz, 2001; Moreira et al., 2003] . Far from hosting the high 3 He/ 4 He signature in the mantle source of high
Figure 2 He ratios. However, the long-term 4 He production of an eclogite can be greatly reduced by melt (or fluid) extraction of highly incompatible elements like U and Th from the slab during subduction processing. By contrast, the TITAN elements will be conserved if melt (or fluid) extraction occurs in the presence of rutile [e.g., McDonough, 1991] . In fact, the positive TITAN anomaly is formed by relative enrichment of TITAN due to conservation of Ti, Ta and Nb and concomitant loss of incompatible elements like U and Th. Therefore, the TITAN-enriched, U and Th-poor refractory eclogite composition proposed by McDonough [1991] will not produce significant post-subduction radiogenic 4 He ingrowth. [Hart et al., 1992; Anderson, 1998; Parman et al., 2005; Heber et al., 2007; Jackson et al., 2007b] 2007GC001876 exists at the top of downgoing slabs. By contrast, the lowermost portion of the downgoing plate is composed of ancient, high 3 He/ 4 He peridotite. While near-surface mantle peridotites underlying the oceanic crust degas efficiently during melt extraction at mid-ocean ridges, the lherzolitic peridotite in the deepest regions of the oceanic mantle lithosphere suffer little melt extraction and remain less degassed. We assume that the deepest portion of the ancient oceanic mantle lithosphere is a viable reservoir for preserving high 3 He/ 4 He over time.
Refractory Eclogite and High
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[14] After processing in subduction zones, the crustal portion of the subducted plate hosts TITAN enrichment, and the peridotite in the deep oceanic mantle lithosphere remains unscathed by subduction zone processes. The two components, TITANenriched eclogite and high 3 He/ 4 He peridotite, could be intimately associated as a ''package'' in space and time within a subducted plate, a geometry that is conducive to later mixing in the mantle.
[15] We present one possible model for the generation of the high 3 He/ 4 He mantle sampled by OIBs, whereby the eclogitic and peridotitic components of an oceanic plate are subducted and isolated from the convecting mantle at 3 Ga and mixed during long-term storage in the lower mantle ( Figure 3) . In this simple model, we assume that the upper mantle began with a primitive composition [McDonough and Sun, 1995] at 4.4 Ga, and evolved by continuous depletion to the present-day DMM composition of Workman and Hart [2005] . Oceanic plates were continuously injected into the mantle over this time period, and the eclogitic and peridotitic portions of these subducted plates were thoroughly mixed in the lower mantle and were later sampled by upwelling mantle plumes and erupted at hot spots. We assume that neither lithology is preferentially sampled during melting under hot spots, such that low degree melts of the peridotite-eclogite mixture will not preferentially sample the refractory eclogite. Os, and TITAN of the two lithologies (peridotite and eclogite) in a subducted plate, we make the following assumptions about their compositions over time. We note that such models are inherently uncertain due to the large uncertainties in the input parameters. Most notably, the concentrations of the volatile elements such as helium are poorly known in the deep mantle and in the early Earth. (Figure 3) . However, portions of lithospheric peridotite are removed from the upper mantle during subduction of oceanic plates and are not subject to further depletion. In the model presented here, the subducted peridotite from the base of the oceanic lithosphere is assumed to have the same composition as DMM at the time of subduction (the base of the mantle lithosphere has had so little melt extracted during the most recent melting event that its composition is well approximated by the composition of DMM at the time of subduction). The peridotite at the base of the mantle lithosphere ''locked in'' the high 3 He/ 238 U (see Figure 3 , Table 3 , and Appendix A for details of 3 He/ 4 He evolution in the mantle). Consequently, following subduction and isolation, the 3 He/ 4 He of the isolated, ancient peridotite from the base of the oceanic lithosphere rapidly diverged from (and preserved higher 3 He/ 4 He than) its upper mantle counterpart, which continued to be depleted (in He relative to U and Th; see Appendix A) by continental and oceanic crust extraction (Figure 3 ).
[18] For comparison, the 3 He/ 4 He evolution of the subducted eclogite is modeled using the trace element composition of a hypothetical refractory eclogite calculated by McDonough [1991] (see Figure 4 for a spidergram of the refractory eclogite). The eclogite is assumed to start with a 3 He/ 4 He ratio equal to DMM at its time of isolation, and following over 99% degassing in the subduction zone, the U and Th of the eclogite continue to generate 4 He by decay, thus rapidly diminishing the 3 He/ 4 He of the eclogite over time ( Figure 3 and Table 3 ). Degassing of the eclogite portion of the subducted slab is simulated by increasing the 238 U/ 3 He of the eclogite by a factor of 1,000 relative to contemporary DMM. He. Portions of the ancient lithospheric peridotite, which compose the lowermost portion of downgoing slabs, are sent into the lower mantle throughout geologic time. Model curves are shown at 1 Ga intervals, and this is not intended to imply that the isolation of oceanic plates is episodic. The isolated peridotite portions of the downgoing slabs are modeled as having exactly the same U, Th/U, 238 U/ 3 He, and He as ambient DMM at the time of isolation, and they preserve higher 3 He/ 4 He than DMM due to their isolation from further melt depletion. Also shown is the concomitant subduction of the eclogitic portions of the same slabs, which begin with the same He as DMM at the time of subduction; the U and Th of the subducted refractory eclogite are from McDonough [1991] and are shown in Table 3 He (>30 Ra) OIBs (see Figure 2 for mixing results). Note that the very radiogenic Os of the eclogite is vastly reduced in the mixture due to the low Os contents of the eclogite (6 ppt) and the high Os contents of the isolated DMM peridotite (3,000 ppt). He, and trace element budgets of DMM at all times (4 Ga to present) are calculated using the continuous transport equations in Appendix A and initial values provided in Table 3 . He ratio of 120 Ra, a ratio that is similar to the present-day atmosphere of Jupiter [Niemann et al., 1996] ; given the assumed Os of DMM and Primitive Mantle are not very different (0.12-0.13 [Standish et al., 2002; Meisel et al., 2001] ), and thus the isolated, ancient peridotite at the base of subducted plates are assumed to have an intermediate presentday composition (0.125). DMM and the subducted peridotites at the base of the oceanic lithosphere are also assumed to have had an Os concentration of 3000 ppt over geologic time. In contrast to the subducted lithospheric peridotite, the eclogitic portion of the subducted plate likely evolved extremely radiogenic 
TITAN Anomalies of Ancient Lithospheric Peridotite and Refractory Eclogite
[20] The trace element content of the present-day peridotite from the base of the oceanic mantle lithosphere is assumed to be the same as the DMM compositions calculated by Workman and Hart [2005] . However, DMM has likely become increasingly depleted throughout geologic time. We assume that DMM began with a primitive mantle composition [McDonough and Sun, 1995] and evolved by continuous depletion until the present day. Using the continuous transport equations in Appendix A, the trace element budget of DMM is calculated at various times, and ''snapshots'' of DMM compositions through time are plotted as spidergrams in Figure 4 (see Table 3 for compositions). By contrast, the subducted eclogites are assumed to have the same present-day trace element composition as the hypothetical refractory eclogite from McDonough [1991] , regardless of the isolation time (see Table 3 ). The composition of eclogite that has survived subduction zone processing is poorly constrained, and may exhibit significant compositional variability [e.g., John et al., 2004; Zack and John, 2007] . However, the hypothetical eclogite from McDonough [1991] has a trace element composition similar to the eclogites with the largest positive TITAN anomalies presented by Becker et al. [2000] , and is used for the modeling purposes here (see Table 3 Os and positive TITAN anomalies that are most similar to the highest 3 He/ 4 He OIB lavas when the proportion of refractory eclogite in the mixture is between 20 and 25%, and the eclogite and peridotite have an age of 3 Ga (Figure 2) . If the proportion of refractory eclogite is increased, the present-day 3 He OIB lavas. On the other hand, if the eclogite and peridotite are younger than 3 Ga, the resulting mixture (20% eclogite and 80% peridotite) generates a 3 He/ 4 He ratio lower than observed in the highest 3 He/ 4 He OIB lavas (see the mixing curve for 1 Ga eclogite and peridotite in Figure 2 ). An eclogite-peridotite mixture of more ancient origin generates higher 3 He peridotite composition given in Table 3 .
[22] Figure 4 shows that the addition of 20% eclogite to a 3 Ga DMM composition generates a hybrid eclogite-peridotite spidergram that is similar in shape to the spidergram of the highest 3 He/ 4 He lava from Iceland. (Sr is a poor fit, however, due to the positive Sr anomalies in the Icelandic lava, a possible result of interaction with shallow lithospheric gabbros [Gurenko and Sobolev, 2006] ). As long as the magnitude of TITAN anomalies is little affected by partial melting beneath a hot spot (i.e., the positive TITAN anomalies in the mantle source of high 3 He/ 4 He lavas are reflected in the erupted hot spot lavas), the hybrid eclogite-peridotite spidergram in Figure 4 may thus serve as a plausible melt source for the high 3 He/ 4 He lava. Clearly, this requires that the rutile present in the downgoing slab is no longer present in the high 3 He/ 4 He mantle that melts beneath hot spots. One way to destabilize rutile is to completely mix the (smaller proportion of) eclogite and the (larger proportion of) peridotite in the ancient recycled slab. Alternatively, if eclogite is still present in the source of the high 3 He/ 4 He OIB mantle source, it must be melted to a sufficiently high degree to eliminate rutile as a phase in the residue of melting (G. A. Gaetani et al., Titanium coordination and rutile saturation in eclogite partial melts at upper mantle conditions, submitted to Earth and Planetary Science Letters, 2007). Additionally, due to solid solution with other phases (e.g., garnet), the stability of rutile decreases with pressure, and may become exhausted during decompression melting [Klemme et al., 2002] .
[23] The model for the generation of high 3 He/ 4 He, TITAN-enriched mantle can also generate a low 3 He/ 4 He mantle reservoir with positive TITAN anomalies. Subduction is a continuous process that has probably operated for much of geologic time, and the 3 He/ 4 He ratio of the upper mantle has likely decreased ( Figure 3) . Thus, the peridotite portion of more recently subducted oceanic plates will trap and preserve a lower 3 He/ 4 He upper mantle signature than ancient subducted plates. At the same time, the refractory eclogite portion of recently subducted plates will still host positive TITAN anomalies, such that low 3 He/ 4 He mantle reservoirs hosting TITAN anomalies can be generated by mixing more recently subducted (<2 Ga) peridotite and refractory eclogite components. For example, the lower 3 He/ 4 He, TITAN-enriched mantle source sampled by Cape Verde lavas can be generated by mixing refractory eclogite (10-30% by mass) and lithospheric peridotite components of a plate subducted between 1 and 2 Ga (Figure 2) . 's [1991] refractory eclogite used in the modeling, including spidergrams demonstrating the time-dependent trace element composition of DMM. In the mixing models shown in Figure 2 , the lithospheric peridotite and refractory eclogitic portions of a 3 Ga subducted plate are mixed together such that the final mixture has 20-25% eclogite. This mixing calculation is shown in the spidergram, where 20% ancient (3 Ga), refractory eclogite has been added to peridotite from the deepest portion of same age oceanic mantle lithosphere (with the same peridotite composition as DMM at 3 Ga). Refer to Table 3 [24] The ''wedge-shaped'' outline of the OIB data in Figure 2 highlights He, TI-TAN-enriched mantle) are always joined together in subducting plates, and it may not be possible to melt pure high 3 He/ 4 He peridotite without also melting some eclogite. This will be true particularly if subducted slabs are stretched, thinned and folded in the dynamic mantle [Allègre and Turcotte, 1986] [27] Instead of mechanically mixing the high 3 He/ 4 He peridotite and TITAN-enriched eclogite, as suggested in the ''slab package'' and ''eclogite injection'' models above, it may be possible to diffusively mix helium from a high 3 He/ 4 He peridotite into a degassed, U and Th-poor pyroxenite (i.e., refractory eclogite) [Albarede and Kaneoka, 2007] . Due to the higher diffusivity of helium compared to nonvolatile major and trace elements [Hart, 1984; Trull and Kurz, 1993] , helium isotopes may become decoupled from other lithophile isotope tracers [Hart et al., , 2008 , and primordial helium may become associated with recycled materials like refractory eclogites [Albarede and Kaneoka, 2007] . Albarede and Kaneoka [2007] propose that helium from deep (high 3 He/ 4 He) mantle peridotites can diffuse into embedded, tightly folded layers of stretched and thinned refractory eclogite. They suggest that changing the duration of the diffusion process, as well as the U and Th contents of the refractory eclogite layers, can generate mantle sources for both high and low 3 He/ 4 He hot spots. U and Thpoor refractory eclogite that was processed in subduction zones will have positive TITAN anomalies [McDonough, 1991] , and because such eclogites will produce little 4 He over time, they are perfect ''containers'' for preserving diffusively acquired high 3 He/ 4 He signatures. If these eclogites become sufficiently thinned (to <1-2 km thickness) by mantle mixing, they could acquire high 3 He/ 4 He signatures by diffusion from the ambient deep mantle peridotite [Hart et al., , 2008 . Thus, the ''ghost'' helium model of Albarede and Kaneoka [2007] may offer a resolution to the paradoxical association of high 3 He/ 4 He signatures in lavas with strong eclogite signatures. However, the ''ghost helium'' model suffers from the same spatial and temporal issues as the ''eclogite injection'' model: There is no obvious mechanism 
TITAN Anomalies Due to Partitioning Between Lower Mantle Phases?
[29] It is difficult to rule out the possibility of TITAN fractionation in lower mantle materials, a mechanism that could produce the positive TITAN anomalies in the mantle sampled by high 3 He/ 4 He OIBs. Experimental studies of high pressure partitioning and mineralogy are in the early phases. However, Ca-perovskite in peridotitic and basaltic systems shows negative Ti and Nb partitioning patterns compared to Th, U, and the rare earth elements (REEs) [Hirose et al., 2004] . This means that a Ca-perovskite bearing solid assemblage would have negative anomalies, but melt equilibrated with Ca-perovskite could have positive anomalies. If it is possible to generate Ca-perovskite melts at the appropriate pressures and temperatures (for example, D 00 ), and extract them from the lower mantle (the inferred home of the high [30] A shortage of the TITAN elements exists in the Earth's shallow geochemical reservoirs (the depleted MORB mantle (DMM) and continental crust), and the location of these missing elements is unknown. The standard model for the evolution of the silicate earth maintains that DMM is the residue of continental crust extraction from an early primitive mantle [Jacobsen and Wasserburg, 1979; O'Nions et al., 1979; Allègre et al., 1980; Hofmann, 1988 Hofmann, , 1997 . If the bulk silicate earth has chondritic abundances of the refractory elements, DMM and continental crust must be geochemically complementary reservoirs within the Earth. However, the TITAN trio of elements are prominently depleted in the continents [Rudnick and Gao, 2003] , and their absence is not balanced by a corresponding enrichment in DMM [Workman and Hart, 2005] (Figure 1) . Thus, another deeper reservoir hosting the missing TITAN elements has been proposed to exist in the Earth [McDonough, 1991; Rudnick et al., 2000; Kamber and Collerson, 2000] .
[31] While incompatible elements are largely lost to the overlying mantle during dehydration and melting of the eclogite portion of downgoing slabs, titanium-rich phases, such as rutile, may preferentially sequester the TITAN elements in the mafic portion of downgoing slabs [Green and Pearson, 1986; Ryerson and Watson, 1987; Brenan et al., 1994; Foley et al., 2000; Schmidt et al., 2004; Kessel et al., 2005] . Refractory, rutile-bearing eclogites have been subducted in large quantities over geologic time, and may form a reservoir in the mantle that hosts part of the Earth's missing TITAN [McDonough, 1991; Rudnick et al., 2000] . Upwelling regions of the mantle are thought to sample subducted eclogites White, 1980, 1982; Chase, 1981] [Saal et al., 2002] , ''popping'' rock (>2.69 Â 10 9 atoms 3 He/g [Moreira et al., 1998 ]), and flux of 3 He out of mid-ocean ridges (1.18 Â 10 9 atoms 3 He/g [Farley et al., 1995; Ballentine et al., 2002] He in DMM over time is realistic given the lherzolitic lithology of DMM, a mantle reservoir that hosts an estimated cpx modal abundance of $13% [Workman and Hart, 2005] . Results from a recent helium partitioning study [Heber et al., 2007] are consistent with helium being less compatible than U and Th (assuming U and Th partition coefficients from a recent compilation [Kelemen et al., 2003] ) during mantle melting of a lherzolite lithology. However, helium partitioning during mantle melting is a controversial subject. Parman et al. [2005] reported olivine-melt partition coefficients for helium suggesting that helium may be more compatible than U and Th during melting of a cpx-poor lherzolite or harzburgite. By contrast, Heber et al. [2007] report values that are over an order of magnitude smaller (less compatible), suggesting the helium may be more compatible than U and Th only when melting cpx-poor harzburgites or dunites. The discrepancy in olivinemelt helium partition coefficients between these two studies is not yet resolved.
[46] The continuous transport equations can be written to calculate the concentrations of any element in DMM at any time in Earth's history, assuming that DMM formed by continuous depletion of BSE starting at 4.4 Ga:
where a X ¼ À1 ln X DMM;0 =X BSE;0
where a X is proportional to the transport of element X out of DMM over time; X BSE,0 and X DMM,0 are the present-day concentrations of element X in BSE and DMM, respectively; ''t'' is time before the present day and t = 4.4 Ga, and Table 3 , the abundances of several trace elements in DMM are provided at various times in Earth's history.
